Analyses of electron-beam irradiated PAN fibers
When an electron-beam is irradiated on PAN fibers, various radicals are formed. These radicals show specific hyperfine structures with a splitting constant and line-width when observed by ESR. Therefore by ESR spectra analysis, one can identify the radical species which is presented in the irradiated material. Usually, the spectra of these radicals are superimposed which results as a spectrum showed in Figure S1a . By analyzing the spectrum in Figure S1a , the hyperfine structure is estimated to be as Figure S1b . In detail, the hyperfine splitting of 1.4 mT (a1), 2.8-3.6 mT (a2) and 1.9-2.2 mT (a3) with line-widths of 0.7-1.5 mT were observed. Based on the hyperfine splitting constants of previous reports ( Figure S2 ), it is estimated that a1 is originated from the broad singlet structure of polyenyl radical. Furthermore, a2 is estimated to be originated from the five-line hyperfine structure of alkyl radical. Finally, the six-and ten-line hyperfine structures with splitting constant a3 are estimated that it comes from the alkyl and allyl radicals. 
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The change of relative radical concentration for irradiated-PAN fibers at 200 kGy was observed during storage in air ( Figure S3 ). The radical concentration seemed to exponentially decrease as the storage time in air increased. This phenomenon is known as the intrinsic decay of radicals which are commonly observed for gamma ray irradiation on polymers [1] [2] [3] . In this study, the radical concentration decreased to 65%, 58%, 17%, and 3% to its initial value (3 h after irradiation) at 20, 30, 143, 193 h storage in air after irradiation. Along with the decrease in radical concentration, the g-value of the presented radicals gradually shifted to higher values. It has been reported that oxidized radicals have higher g-value than the non-oxidized ones, implying that gradual increase in g-values can be caused by gradual change of initially formed radicals to peroxy radicals. According to the observation, the g-value 6 gradually increased from its initial value as the storage time increased ( Figure S4 ). Furthermore, the g-value also increased when the irradiated-PAN fiber was heated at 100 o C. By increasing the heating time as 10, 20, 30 min, the g-value increased as 2.00286 ± 0.00014, 2.00306 ± 0.00009, 2.00299 ± 0.00020, respectively, compared to its initial value 2.00268 ± 0.00011. This
indicates that the radicals produced by irradiation are gradually changing to peroxy radicals as they are exposed in air. This is also verified by the ESR spectra that the hyperfine structure is transformed to a broad singlet structure. For complementary analysis, the oxygen content of irradiated-PAN fibers were checked by elemental analysis ( Figure S5 ). The weight percent of oxygen increased from 2.110 ± 0.184, 2.355 ± 0.028, 2.543 ± 0.011 for 0, 20, 1500 kGy electron dose, respectively, which was measured after 6 days from irradiation. In case of measurement after 53 days from irradiation, the non-irradiated (0 kGy) PAN fiber contained 1.993 ± 0.086 % oxygen, which is within the error of measurement after 6 days from irradiation. As the electron dose increased from 200 to 1500 kGy, the oxygen content increased as 2.352 ± 0.017 to 2.680 ± 0.026, respectively. These results indicate that oxygen content increased in the fiber as the storage time or electron dose was increased. These facts well match with our analysis that oxygen is attached to the radicals to form peroxy radicals in irradiated-PAN fibers. From this fact, the energy could be saved as 57% by electron beam irradiation prior to thermal stabilization. Therefore, it is conclusive that electron beam irradiation is effective to lower the production cost of carbon fibers by saving energy and time consumption.
